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STUDY OF ABUNDANCE ANALYSIS OF STARS IN THE 

SPECTRAL RANGE B5 THROUGH G2 

Fina l  Report  

Over the last year ,  considerable progress  was made in attacking two 

problems - the blue s t ragglers ,  and the evolution of stars above the horizontal 

branch in globular c lus te rs .  

understanding the so-called super  -metal-  r ich  phenomenon in Population I 
K giants. 

attached to this final report  a r e  two preprints  (!!A Study of the Blue Stragglers 

in the Open Clus te r  NGC 7789" and "On the Evolutionary Status of S ta rs  Above 

the Horizontal Branch in  Globular Clusters").  

In addition, significant progress  was made in 

A brief summary  of p rogres s  in each a r e a  is included below, and 

1. The Blue Stragglers  

a 
A 2-year  photometric and spectroscopic study of the blue s t ragglers  in 

the galactic c lus te r  NGC 7789 was completed at Kitt Peak National Observatory. 

The essent ia l  resul ts  a r e  as follows: 

A. The masses of the blue s t ragglers  are identical with the m a s s e s  of 

main-sequence stars at the same  location in the HR diagram. 

rules  out the possibility that  the blue s t ragglers ,  having already evolved 

through the red-giant region, a r e  on o r  nea r  the main sequence f o r  the second 

t ime in the i r  evolutionary history. 

This resul t  

B. Of four  thoroughly studied blue s t ragglers ,  all were  found to be radial-  

velocity variables.  Although no periods were  derived, these observations and 

independent ones by Deutsch and Pe terson  at the Hale Observatories provide 

strong evidence in  favor of a binary origin fo r  the blue s t ragglers .  

resul ts  of this study a r e  to be published in  the November Astrophysical Journal. 

The 
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2. Post  Evolution of Stars above the Horizontal Branch in Globular Clusters  

A spectroscopic survey of 14 s t a r s  lying above the horizontal branch in 

the globular c lus te rs  M3, M5, M10, M13, and M15 and NGC 6712 provided 

convincing evidence f r o m  radial  velocities that these s t a r s  a r e  indeed c lus te r  

members  F r o m  an  evolutionary standpoint, these s t a r s  above the horizontal 

branch s e e m  to divide into two groups. The f i r s t ,  encompassing the majori ty  

of the s t a r s  studied, l ie approximately 0 .5  to 1. 5 mag above the horizontal 

branch and approximately 0 . 1  to 0 . 2  redward of the blue and of the HB of the 

appropriate c lus te rs .  A collaborative study with Icko Iben and Robert  Rood 

a t  M. I. T. suggests that these a r e  stars that have left the horizontal branch 

a f t e r  exhausting helium in the i r  co res ;  they are current ly  evolving toward 

the asymptotic giant branch, deriving the i r  energy f r o m  helium and hydrogen 

burning in two shells.  

m o r e  luminous and have much higher effective tempera tures  (L/L 

o r d e r  of 1000, Te on the o rde r  of 20 ,000  to 35,000 K). 

group exhibit overabundances of nitrogen and oxygen and possibly of carbon. 

We believe these to be the descendents of s t a r s  that have ascended the giant 

branch fo r  the second time. 

will soon be headed f o r  white-dwarf s ta tus  when this energy source  is 

exhausted. 

nebulas. 

the asymptotic giant branch and believe that this phenomenon is related 

intimately to the question of super-metall icity of Population I K giants. 

The remaining, much sma l l e r  group a r e  considerably 

on the 
0 

At leas t  two of this 

They a r e  probably burning helium in a shell  and 

They appear  to be analogous to the cent ra l  stars in planetary 

We have a l so  found prel iminary evidence in favor of mixing along 

3. Super-Metal-Rich K Giants 

Joint work with Duane Carbon a t  the Smithsonian Astrophysical Observatory 

has  provided some insight into the super -meta l - r ich  K-giant phenomena. 

Analysis of 11 K giants, 5 of which were  classified as super -meta l - r ich  by 

Spinrad and Taylor, shows that in all but one case,  the overall  metal- to-  

hydrogen rat io  in the super -meta l - r ich  K giants is enhanced by l e s s  than 0 . 2  

dex. The apparent line enhancements in the super -meta l - r ich  K giants a r i s e  

f r o m  a combination of enhanced microturbulence and an  alteration of 
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t empera ture  s t ruc ture  nea r  the boundary as a resul t  of increased molecular 

band strengths.  

discussed in a paper current ly  in preparation. 

The details  and implications of this work will be fur ther  

It is a l so  noteworthy that the funds from this gran t  have supported the 

purchase of much-needed auxiliary equipment for  a PDP-12 computer sys -  

tem, which will, within the next 6 months, provide a sys tem for  very  rapid 

analysis of s t e l l a r  spectra .  

purchased a Grant microphotometer a s  well as the basic  PDP-12 system. 

Software current ly  being developed will provide for  active control of the 

microphotometer by the computer,  ve ry  rapid tracing of most  spec t ra  (less 

than 5 min), and sophisticated programs f o r  display and analysis of s t e l l a r  

spectra .  

system, which we expect to be of considerable importance in speeding up the 

study of stellar spectra .  

The State University of New York at Stony Brook 

W e  hope in subsequent repor t s  to provide fur ther  details  of the 

The remainder  of the funds in this grant  have supported seve ra l  neces- 

s a r y  t r i p s  t o  the K i t t  Peak  National Observatory by the principal investiga- 

t o r  and K. M. Strom. These observing runs of course  provided the basic 

ma te r i a l  f o r  the studies reported here .  
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I\'ecciicd I!J i (J  .1 ,?rd 24: rmisrd 197(J .\lay I8 

.\H ST K l C T  
Image-tu!t spectrrrcranis and Strijmcrm 4-color and  11.3 !i!v)ton;ctrv Irere olitninerl fnr t\vcl\:e I r w -  

silile Iilue-str;!gcler niemlmr: of the o iwn clustcr XGC ; i X O .  \lcm!w.f1i1) \vn< e<tal~li:hc.d ior Pevrri of 
thcse t\wlve Iiluc-5tra<r.l*.r cantlirlate 1~'roIii Ihc. ,l:!tx rJ~rlaiiic~~. : I  'xa+ 1,irssii1le to  test three conlpcrinr: 
hylwtheses for the oriein of rlie;e s t a  . I.:-rin:sirs oi niis:'es Ii;t-t.,I ,)n a riiatrh oi our I)hntrrnietry \ \ - i i h  
model at ii?rqihci-cs +ho!v that !Jliic <tr:i:giers have masws a!iLrro!rriate LO their 1oc:ttinn i n  the color- 
nia~nitude d i amm.  f-urt hermnre. of i w r  iiluc-stra?ri'ler nienilicrs -tu.licd careiully for radial-velncity 
variations, all iour exhil>ited tlctiniie chanwq in vebcity. 'Thepe otiservntinns s u x e s t  strongl!. that 1JlUe 
stragglers are menilxrs oi tiinary systenis in \vhirh iiiass exchange has taken place. 

I. ISTKODUCTIOS 

Several Slohulnr clusters and a f e w  ixirly old open cltisters (for esnniple. 113, 1167, 
S G C  T.52, S G C  ;;SO) contain stnrs x'hich f;dl close to the m:tin sequence but which 
estend ;i fcw m:iynitudcs above the turnoff point oi  the cluster. 'These stars have been 
ca lled "blue st ragglers." 

\'arious theoretical esplnnationr; hxve been offered to explain the anomalous location 
of the blur stragglcrs in the €I-K dii  :';inis. Xniong the most reasonable are the iollo\~-ing: 

1) The blue stragglers :ire repr entativcs oi a new generation of stars, born later 
than the majorit!. of cluster membcrs. 

2 )  These stars iire on (or ver!- near) the main sequence i o r  the second time. Possibly, 
a sutficient Limolint of the h\.drogen in the envelope nxs Transported to the interior 
during the hclium tlash to sustain ;t second (shorter) h!.drogen-burning lifetime near 
the main sequence (see Rood 1970). 

3) The blue stragylers are niembers oi  close-binar!- systems in Xdiich mass exchange 
has taken place (L1cC'rc:t 1944; \.an den Heuvel 196s). On this picture, the present pri- 
mary is believed to have i t n  original miss less than the Inass ot' stars at the turnofi, 
A l t o .  The mtss of the origiml prini;iry is slightl!- grtxter than A l t o .  -1s the original 
primary evolves, i t  fills its Roche lobe and begins to lose ninss, niost of.which nccretes 
on the surface of the secondary. A 5  the second.iry gni:is n;;ts, it increases in luminosity 
and ~iio\'es up the muin sequence to its present location; the original primar!. in most 
cases becomes a white dwarf. 

.J 
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Each of these three h!.potheses has one or more dirkctly observable consequences. 

In  hypothesis 1, the mass oi the blue straggler, iMHp,  corresponds to its location in the 

consequences: 
c H-R diagram. For h\.pothesis 2 ,  2 ;Ifto; whereas hypothesis 3 has the following 

1-_ 
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a)  M l ( p  corresponds to its location in the 13-R diagram. 
6)  All blue stragglers are members of binary systems, some of which should have 

observable variations in \docit!.. 
c) If the initial mass oi the original primary is niuch greater than M,,, it is possible 

to form a blue stragzler; howver,  a s t rag ier  formed from such a system would haveJ. 
evolved and not be visiiJle :IS such trxlny. Hence, the blue straggirrs of highest niass 
must have had initial ninss ratios near unit?., and as a consequence, .tfl<s <, 2Mto. Since 
MISS 5 2M,,,, the luniinosit!. oi the b!uc stragglers in a cluster cannot cscecd the turnoff 
luminosit!. b\- niorc than 3 ixctor of approximatel!- 10. 

In  order to test these corxpetinq h!.potiieses, xve chose to study tiie blue stragglers 
in the rich open cluster SGC 7780 (Kt:rbiti:,lc :tnd Sandage IC,.%!. The number and 
brightness of the stragglers in  this diistcr were consistent with our goal oi obtaining 
fairly extensive spectroscopic and phorometric obscrvarions in ;L reasonable time. For 
each star, .we o1)tainctl Sirijn::,lren four-color :ind FI$ photometry at the Kirt Peak 
Tational Observator~~,  >[del-atmosphcrc calculations can bc niatchcd with these 
indices to predict the luminosity. T,,,c, arid miss for the blue stragglers. I n  order to lest 
the binary h!pthesis, a series oi spcctrograrns of the four brightest blue stragglers was 
obtained with the K P S O  Caseqrain image- tube spectrograph a t  dispersions of 50 and 
35 A 111111-~. These spectra perniit us to check for variations in radial velocity. 

11. TFZE ORSERVATIOSS 

a)  M c d w s J i i p  

KGC 7789 is located in ;i fairly crowded rcyion of the 3IilkJ- IVay (P = 115; P'= - j'). Hcnce, to avoid contaniination from ricld interlopers, we ieit that membersiiip 
of the blue stragglers should be cTtablishcd on the basis of measured radial velocities. 
Urifortunatel!-, to our knoirledge, no published radial velocities are available for indi- 
vidual stars in SGC 7i8'9. 

To estahlish a value for the velocit!. of the cluster, we obtained spectrograms in the 
wlaveien~th rcgion .3KM),- i(KX) .$ of K and JF giants in SGC 7789 ;it a dispersion of 
127 .I mm-l xith the K I'SO iimge-tube spectrograph. The velociiies were reduced 
by using the Grant measuring engine a t  the KPXO. The mean velocity deduced for 
three 1; giants is -40 & 8 kni sec-I, which we adopt as the cluster velocity. In Table P 

TABLE 1 

BLUE STR.IGGLERS IS S G C  77-89 
RADIAL-VFLOCIIT If E.SCRE3IESTS FOR 

Probabble Error 
Per Single RV Pbf 

Star N (I') Observation Member? Member? 
(1) (2) (3) (4) ( 5 )  16) 

K1-H.. . . . . .  1 - 16 ... .._ hlC 
-21 ... ... MC 

K197.. ..... 1 -31 ... h.I hfC 
K231.. . . . . .  1 -26 . . .  hl ? hlC 
K342. . . . . .  7 - 4s r f :  13 BI BIC 
K349.f.. . . .  1 -34 ... M hlC 
K3i1 . . . .  4 - 56 f 6  . . .  X C  sios.. . . . .  7 - 20 117 Bi? MC 
K4.53.. . . . .  S -41 r f :  19 M hIC 
Ki99.. ..... 12 - 2  - + 7  ... NC 
K1168..  . . . .  1 - 49 . . .  M? MC 
K1211 . . . . . .  8 -33 - f 1s h1 h1 C 



we list for the blue stragglers, the mean values ior radial velocity, the number of ob- 
servations, and the mean error per observiition. :l’hcse v;tlues are based on image-tube 
spectrograms taken at dispersions of 50 :ind 35 .A n i n r i .  .Xn >I in column ( 5 )  indicates 
those blue stragglers which \ye consicier to he likely members. Of the twelve stars 
studied, eight are probable mrmbers. \j.e note in t!iis regard the photometric ohserva- 
tions of Osv5th (1960): Hc estiniatcs iron1 counts of blue stars within the cluster ficld 
and in a nearby comparison tield that two-thirds of the blue stars in XGC i789 are 
likely to  be members, whicii is consistent with our results. \\;e also indicate by XIC and 
S C ,  respectively, those stars thought to be members and nonmembers by Cannon 
(1968) on the basis of a recent, unpublished proper-motion study. 

b )  The I’liotrniirtry 

I n  Table 2, we list the observed ( b  - y), inl, 61, and j3 for all stars in our program, 

TABLE 2 

STKOIIGRES I’OUR COLOR XSI) Hg 1’HOTOLJETRF FOR BLUE STR.4CCLERS IS NGC 7789 

K197 . . . . . . . . . . .  2 0.30450.Ot9 0.1!81-0.005 l . l lSC0.029 3 2.867rt0.061 
6234 . .  . . . .  . 2 0.3CJ3tO.nZi 0.1,3?0.0.% 0.93510.049 3 2.880t0.060 
K342 . . . . . . . . . . .  5 0.101+0.018 0.063hj0.0176 1.0.5;+0.040 6 2.872+0.021 -. .~ 
K109.. . . . . . .  . . .  6 0.253,O.Olj 0.102%0.023 1 . 0 2 5 ~ 0 . 0 4 5  8 2.93010.049 
K453. .  . . . . . .  . . . 9 0.22i+O.019 O . O . t O t O . 0 2 7  O.!J1350.021 11 2.792i-O.QL2 
K1168., . . . . . . . . 2 0.2i120.020 0 .193~0 .0 i )o  0.952rO.C-47 2 2.927+0.051 
K1211.. . . _ .  . . . 13 0.15750.015 0.06.5~0.019 0.62850.027 14 2.718+0.018 

Sonmembers --_- 
K14-I.. . . . .  . .  . . .  3 0.236C_0.018 O.OS2-0.030 1.21550.002 3 7.902+0.027 
K168 . . . . . . . . . . .  2 0.2581-0.021 0.119f0.041 1.060f0.043 3 2.8i3k0.021 
K371.. . . . .  . .  . . .  6 0.277t0.01; 0.119iO.011 1.115~0.0-10 T 2.914rt0.051 
I(i99.. . . . . . .  . . .  17 0.215r0.014 0.160”0.019 0.93620.031 17 2.867+0.034 

along with the number of observations and the mean error per observation. Before 
comparing the photometry with model-atmobphere predications. it is necessiiry to  
correct the observed colors for the effects of intersteilar reddening. From their photo- 
graphic and photoelectric L-B I.’ observations of S G C  7TS9, Hurbidge and SandaSe 
(1958) derive a reddening value Es-1- = 0.1s. Although these authors give no value for 
the expected error in this result, n e  estimate from their d:ttx that +0.03 mag is ;L 
reasonable guess. \Ye can also estiniate the reddening from the espectral txpes derived 

c c; i ’ .  ’ . i  
- 1  
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from our observations. In  Table 3, we present for each star the estimated spectral tJpe, 

T.IR1.E 3 

R E D D E S I S G  DETERlI IK. tTIOY FOR S G C  7789 

Jlernbers 
- 

K197..  . . . . . . . .  .\3-.\5 V +o. 12 0.48 +0.36 
R 23 4 . . . . . . . . .  .\3 -.\ 5 '; $ 0 . 1 2  0 .18 +0.3G 
Ii312. . . . . . . . . .  I<O-.\O V -0.03 0.30 +o. 33 
K 3 1 9 . .  . . . . . . .  1 3  v -i-O.CVl 0.43 +0.31 
I i 4 0 Y . .  . . . . . . .  .\1-.\2 v + n m  0.40 -93.36 
Ii433 . . . . . .  TiO-.\O v -0.03 0 .36  +o .33 
Ii1168. . . . . . . .  .\.3 i o .  (JO 0 .43 +0 .32  
K 1 2 1 1 . .  . . . . . . .  us-B9 \- -0.Oi 0.25 1 0 . 3 2  -______-- 

Sonneniberl  

K l 4 4 . .  . . . .  T<8-1{0 V -(o' 07 0 . u  +0.51 
K l h R . .  . . . .  I V - - . ~ O  v - n . 0.4 ( I .  $1 0 .44  
M i l .  . . . . .  .\3-.\5 V j o .  12 0 .45 0.33 
Ki99. . . . . . . . . .  .\2p +0.04 0.39 0.35 

the unreddened (U - ir) for that type (Johnson 1963), the (13 - i - 1  inferred from the 
observed ( b  - y) (Cran.forc1 19661, and the resulting color esci!ss, L , j - t - .  From this 
procedure we obtain l<,<-!. =; 0.%?4 i 0.01. 

Finally, we obtain ;I reddening estimate irnm the observed 3 and f b  - y )  valucs for 
the stars lntrr than 30. Honxsver. 1)cc:iuse the j3, (,b - .vi]-rt.l:ttion is still quite sensitive 
to gravity for stars c:trlier than F7). this clcterniination is o f  niuc!i I o ~ w r  n.eiglit. X v:ilue 
of E L t  = 0.22 i. 0.03 or I;/;- , .  = O..i2 2 0.(14 is d d u c c d  i n  this i n y .  \Ve adopt a 
weighted mean value of ka*:'n-r = 0.32 inag for the redtleninfi to I(;(' YiF9. 

I n  Table 4 we present thc mean values of ( b  - Tj,  in1, and c1 corrected for reddening 
for each star. 

T.\BLE 4 

v X R E D D E S E D  COLORS FOR BLUE 
STRAGGLLRS IS NGC i789 

K19i . .  . . . . . . . . .  +0.081 0.184 1 .0i4 
K 2 3 4 . .  . . . . . . . . .  +0.083 0.2.$0 0.894 
K 3 4 2 . .  . . . . . . . . .  -0.029 0.120 1.013 
R409.. . . . . . . . . .  +0.033 0.168 0.952 
Ki-1.53.. +0.03S 0.185 1 .016 
K1168.. . . . . . . . .  +0.051 0.259 0.9.;-3 
IC1211 .......... -0.063 0.5s-l 0.131 

. . . . . . . . .  

Koomrmbers 
- 

K1.M.. . . . . . . . . .  4-0.0.56 0.148 1.171 
KIGS. .  . . . . . . . . .  +0.038 0.185 1.016 
K3i1. . . . . . . . . .  +0.052 0.1% 1.071 
K799.. ......... i 0 . 0 2 4  0.226 0.S92 



K197 
K234 
K342 
K349 

K1211 

Kl44 . .  . . . .  
K168.. . . .  
K3il . . . . . .  
Ki99 . .  . . . .  

Members 
-___-- 

.. .13-\.i V + I  .i 13 3 11.6 
. .L-.!.i V + l  7 13 4 11.; 
. 119-\0 V 4-0 3 1-7 4 12  1 
.I.% \ 5  Y 4-1 7 13 3 1 1  6 .~ .... 

. .  .\l-.I2 v 7-1 .o 13.0 12.0 

. . IW-.Ifj Y 1 0 . 3  lZ . i  12.4 

.. .\3 1' +1 .5  1.3.2 1 l . i  
PJs-Wl v -0 .3  11.5 11.8 

. . H8-I39 1- -0 .3 1.3.4 13 . i  

. . I jY-.\O v $0.3 13.8 13.5 

. . A3 v t l . 5  12.9 11.4 

. .  . u p  s0.s  l l . s  11.0 



111. ISTERPRETlTIOS 

In Figures 1, 2 ,  and 3,  n-c indicate the location of the blue strapgler members of S G C  
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FIG. 4.-Theorcticd 13. c,)-plane as computed by Chrome? (1970). S o t e  that these plots should be 
used to make di.!ie.rorlid, as opposed to holztfe, estimates of log g and Tcif. 



I 1 I 1 I 1 L 
0 .IC3 .200 .300 AOG 

(b -y l  

FIG. 5.-Theoretical is. tb - yri-plane as computed by Chromey (19iO) 

T,;f and 109 : are indiciiied for rtLic:.ence. It is essential to note that these theoretical 
plots are u x f d  primari!!- for estimitiny the tl{!ferei![ial variation of T,.;f and ,? be lae i z  
groups of strirs. Hec:iuse oi sn:alI crrnrs in  the models and adopted line-blanketing coef- 
ficients, we caution agninst tising these plots for absolute determinations of these para- 
meters. 

For the range of late B s::irs, we find from this fiqm that ;i ch:in;e of 0.01 mag in 
fl correspxids to :I chance of 0.1 in log ,q, almost independenti!- of r l .  \\.e can appl>- this 
result to K1211 which h:ts ;I j appro:iim:1tel!. (1.05 mag sma!ler than the zero-age main 
sequence (Z.UIS\ \ x l ~ e  (oi J ;it i! = 0..3 (Cravford 1970, private coniniunication). 
This ~i iems t h n t  Kl211 has a gravit!. n..< in the log snidler than that for stars on the 
Z.-\JIS n e r  10s T, :: - 4.1 \f.v then estimate i! vaiue oi log g = 3.8 5 0.1 for this sinr 
since B s u r s  ne:tr :he Z U I S  l i ; t ~ t . ! o :  8 = 4.3 ('Kt!ls:~ll and Strijmgren 1961; I1:en 1967). 
From the ca1ibr:ition oi spr.c.trd t!-pc x i th  T,.;i oi Norton and .-\d;ims (1965), we deduce 
a log T,.i; = -1.1 2 0.03 :tiid ;? bdonietric correction of 0.7 5 0.2 mag. \\-ith the derived 
true distsnce I:ioddL:s oi I ~ I  - -3f 1 = 11.N \ye compute the t:i;is of KlZ11 ;is -V/.L; = 
3.2 (+l.S, -1.2'1. This i;i is coniplerel!- consistent with the mass of a rrorinal RS star. 
The himinosit!- ;it tht. t::rno$ poinr in SC;C 77S9 is log (I, L,'r = 1.0 k 0.1, while log 
T,  is 3.S75 = 0.015. From Iben's (1967' e\--olutionary tracks, the mass of stars at turnofi 
must be -11 K- - 1.5 with 9 cluster aye ci of 1.5 k 0.5 X lo9 years. Thus the niass of 
SlZll  ie atmut tn-ice the turnofi-point niass. ?is a lest of the validit>- of our mass-deter- 
minntion procedure. we note that the yravit!- deduced from the observed HP index for 
Sirius is log g = 4.36 = O.i  whereas the "observed" value is log g = 1.30 F 0.01. \Ye 
regard this :igree:::ent in i.Jg g as escellent. The mass we deduce for Sirius is M/M9 = 
2.6, which is eniirely reasonable. 
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Xest, we can obtain from the [a. ( b  - y)]-clia,orani (for the cooler blue stragglers) 
estinistes of log g, dill‘erential with respect to the Z.UIS. From this we can again compute 
the mass. In Table 6, we summarize the mass determinations for the remaining blue. 

T.II3LE 6 

SIASS DETERJI IXATIOSS FC)R RLLE-STR.%CGLER >IEMBERS OF SGC 7789 

Star Is I [ K  ;SC i Idto1 ITerc.~T,rr’Ol l.lfi-!f-,i 44 !.*lo 

K342 . . . . . . .  4 .140 .0  - - 0 . 3 5 ~ 0 . 1  l . M f O . l  0.242 $0.522 3 .3 (+2 .0 , -1 .2 )  
-- 

K409 . . . .  . 4 . 2 F O . I  -0 .25k0.1  1 .@=0 .1  U.200 +O..i.< 3.5(+2.1.-1.3) 
K l O i . .  . . . . . 4 . 0 2 0 . 1  - 0 . 4 5 1 0 . 1  1 .4010.1 0. 161 +O..iCiC, 2.0 ( + 1 . 2 .  - 0 . 7 )  
6.234.. . . . . . 4.1k(J.1 -0.3.iirO.l 1.%20.1 0.161 iO.366 2.3 (+1.4. -0.8) 
K116S . . . . . .  4 . 2 i 0 . 2  - 0 . 2 5 2 0 . 2  1 .4450.2 0.181 $0.466 2.9(+2..3,-1.3) 

stragglers in  NGC 7789. 1lr:ickets denote 1og;trithms of the indicated quantities. \Ye 
also plot in Figure 6 the location of the bii!e strayderc relative to iben’s (1967) evoiu- 

4.4 4.2 4 0  3.8 3.6 
LOG (TeI 

FIG. 6.--I,oca1ion of the t h e  strayglers in the luminosity-eiiective temperature plane. For reference, 
the turnoii point of S G C  7iS9 is indicated as an open square. The tracks, as computed for stars oi the 
indicated niass, are taken from Itxn 11967~. 

tionnry tracks; this figure alloivs us to  estimate inasses from the apparent location of the 
blue stragglers in thc H-I< diapram. Although no individual mass determination in 
Table 7 is in itself convincing, our inits determin;t~ions for the six stragglers provides 
compelling <i&lrnce for the statement : Tlic nitzs.~ (ti Hire stragglers is cowsisteiit i>i(lr ilreir e:-- 
obseyz~eJ lot-uiio~r iiz i h  I I - I i  dicig~on:. This result ~ o u l d  appear to rule out the possibility 
that blue strwgglers itre on t l i c  main sequence for the second time. 



lye  nest turn to the question of the Lir,nry charncter of the blue stragglers. The es- 
sential data arc‘ sun~marizetl in ?‘;ible 1. \ye tirst note that the well-obsen-ed nonmember, 
K’i99, provides one estimate of the true niean error of a radial-velocity deterrxination 
from a single plate, n:iniely, f 7 km sec-’. A further check on the accuracy of t!ie radial 
velocities is afforded by a con:p;irison of our image-tube radial velocities with those de- 
rived by Triinipler (1930) for eleven €3 st;irs i n  S G C  2264. The  comparison gives 
( V s t r o m  - i ’ ~ ~ ~ , ~ , ~ , j ~ ~ )  = -8 5 h k ~ i  sec-I; the error refers to the accuracy of an in- 
dividual observation. Finally, we note that for live G-star members of M67, (T-P~~,,!:, - 
VtruP) = 0 f 4 kin scc-’. Hence, we helieve that i 7 k m  sec-’ is a conservative estimate 
of our interrial error for radial-velocity determinations. I t  is clear immediately irom 
Table 1 that the iour w!l-observed blue s t r aq l t r s  have significantly higher errors per 
individual velocit?. determination. ’The most likely esplanation for these greater errors 
is that these stars have variable radial velocities. \Yhile the velocity variations do not 
provide definite proof of the binary character of the blue stragglers, our data suFTest 
strongly that (111 blue slrlicJlers studied ore prclbahly spectroscopic birzaries. l ye  furiher 
expect the rotationnl velocities of the blue stracglers to be relatiyely m a l l  as :: conce- 
quence of n i s s  exchance a n d  I he i,lose coupling between rotations1 and orbital ar,p!ar 
nioiiitntiini [\*an den Ht.1ivr.l ]?OS1 in  the tiinar:; s!.steni. All blue stragglers in S G C  
i rS9, with the esccption oi K4.5.3, h;ive ~ s i n  i it 100 k m  sec-I, that is, less than the res- 
olution of the im;iy-tube spwtroqxms at 3) i mln-’. Spectrograms of K121, K109, 
and K342 were ol,t;iined at 35 .i n i r - . ’ ;  and we estimate in these cases that 2’ sin i 5 T O  
kn3 sec-l. The Ca II Ii-line ;rnd h!dro.qen-line widths in K4.53 appear to be variable on 
our spectrogrnnis, ns niiqhi he espected iron1 the results of our IT3 photometry. This 
star may be 3 double-line binar?.; hoxever, confirmation of this suspicion must aivait 
further obswvation. \Ye conclude that none oi the blue striipglers have rotational 
velocities greater than can be determined :it our resolution. This observation is ag:iin 
consistent with (he binar!. h!pxhesis. 

To test whether we expecr on the basis of the binary hypothesis to observe velocity 
variations for most hlue s t r a q l c r s  in  XGC 7780, we chose the niost pessimistic case, 
that of K1211. Fro111 its locaticjn in the II-K d i a p n i .  n-e note that it is the most massive 
of the blue strq$ers. Hence, its cnmpmion n i w t  presently be the least massive. As a 
consequence, 11-e espect the  obwrved \xri:itions in vdocitJ- for this star to be a ??ini- 
mum. A s  a plausi1)le inodel for the initial configuration, we take ? n j U  = 1.7 Jf, :tnd 
7 u 2 0  = l& .  For the final contipr;ition, irt, = 0.5 Mz and = 2.7 31,. Detini!ig a 
as ?ti2 ‘ml, we can compute the ratio of the present to  the initial period from (see van 
den Heuvel 1965) the equation 

P/IJo = {ao!a[(I + a)/(1 + ao>]2>3 . 
Adopting the above parameters, we obtain P/Po - 6.7. The total selocity amplitude, 
2K, In kni sec-i is given by 

-- 

where i is the angle of inclination. If we adopt a niean value of sin i of 0.7, we find that 
for our limit of detection (2Kj 2 30 k m  sec-‘), the present period P is less than about 
27 da!-s. Hence, the i n i f i d  period of the binary must have been P,, 5 1 days. Approsi- 
matel>- 25 percent of field binaries have periods i n  this range (hbt  1961). As an  extreme 
example (see Refsdal and \Veigert 19693 we choose id i ,  = 1.7 91; and nz20 = 1.5 .?IG; 
wz1 = 0.3 M, and f i t ?  = 2.9 M3. For this case, the present period must be less than -- 13 day6 For this pessimistic case, only a few percent of the initial binaries would 
be expected to have periods in this range. It would appear that, unless extreme condi- 
tions prevail, it is quite likely that a blue-straggler system siniilar to K1211 will be 
detected given our sample and our observational accuracy. 

We can also check to see that the number of blue stragglers is consistent with the 
espected number of progenitor binary systems. \Ye note first that all blue straggler9 
formed from systems with an initial primary mass greater than -1.5-1.8 &Ic would 
have evolved already and would now be in :t later st::ge of evolution. Second. from the 
observed luminosities as well as our deduced masses, we note that the niinimum mass 

/‘- 
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of the blue stragglers is - 2  M,. On the assumption that a star of 1 .7  31, is not likely 
to lose niore than 1.4 di,, the initial mass ior the original secondar!. 1111i~t be 0.26 JI,-''. 
Hence, the initkl mass ratio must be in the range.1.0 <, a <, 3. .\pprosimatel\- haKthe 
total number of binaries in SGC iiSY should have inass ratios in this range (van den 
Heuvel 1968). Furthernmi-e. about h d i  of these s\.stt.ms have appropriate initial separa- 
tions (Le., periods) for mass eschanpe to occur. If binary frequency in SGC i iN  is 
similar to that i n  the Hyades, approxiniately 25 percent of all stars are binaries. Con- 
sequently, 6 percent of all I(;(' 77S9 members from the turnoii to approsimately 2 
mag (N; M ,  - 0.6'! below should form blue-straylcr systems. If the survey of Uurbidge 
and Sandage is reasonably complete. there are -330 stars occupying this region of the 
H-R clingrani; a s  B rcsult, \w ~ ~ i i l t l  expect approximately twent>- blue stragglers. 
Howver ,  we estimate, usin5 the Ixminosity f'unction given in + U e n  (1963), that ap- 
proximately 50 to I(H) stnrs Leiow the tiirnoii arc p r o l x t l ~ l ~ ~  iield iritcrlopers. This re- 
duces the eYpected number oi blue strnqlers to thc  range 14-17. \\.e cibseil-e eight biue 
stragglers to be ccrtain members. Since we have not spi.ctroscopic.all:\- tested fourteen 
possible blue strayrrelcrs for iiicnihcrship, the total number iiiiist be in the range S < 
S < 21. \\.e considcr this comparison to be reawnabl!. consistent with the number of 
blue stragglers eypccted. 

Finall!., w e  note t h a t  Ikutsch (1060) and I'eterson (1970') hnve eramincd several 
stragglers i n  the open ciustcr X67. One of these stars has a definite period, while three 
others are radial-velocit!. vari:ibles. Hence, it appears reasonable to suggest that m s I ,  
if riot all, blue s!rugglers ore ineiitbcrs q' binary qslenls. 

.. .. ' 

1v. coscLusIoss 
From our invcstixation we f i n d  that: 
1. The !WISP.: dt.dt:cd t)lilc b t r ; i z ; l ~ ~  LFIU Stiti::: ren four-color and HB phot& 

niptry iire ro:isi.;itmt :i.iih !!?'i.: i w : ~ : i c ~  111 the E-K di!g 
2.  All bluc str:iggIers studied for radial velocity are velocity \-ariat?is. 
Conclusion 1 rules out the possibility that hIuc st ragl:iers are on the main sequence 

for a second time durfng, their evolutionary history. Conclusion 2 permits the following 
a1 t ernn t es : 

(I) The blue straggIers are a chss of newly formed in:iin-sequence stars, all nienibers 
of which are binaries ;~nd  all of which have relatively low rot ationnl ve!ocities. 

b )  The blue stragglers :ire produced as a resclt of mass eschange in close binaries. 
\Ye believe the second of these alternatives to be the niore likely. 

We thank Dr. R. Lynds 2nd 11r. J. de\'cn!. of the Kilt Peak Sational Olbsen-atory 
for their valuable instruction and advice in  using the C'ttrnegie imxze-tube spectrogrnph 
Miss N. li-aggi provided signiticant help in the preparaiion oi this ~ ~ p z r ,  and we thank 
her. We also adknowledge with gratitude the support oi SXSA grant S G R  22-024-001, 
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Note added i n  p r o o f :  

S p e c t r a  of f o u r  a d d i t i o n a l  K-giants  w e r e  o b t a i n e d  subsequen t  

t o  t h e  acceptance  of  t h i s  pape r .  The c l u s t e r  v e l o c i t y  for 

NGC 7789 d e r i v e d  from a t o t a l  o f  7 K-giants  i s  -4527 km/sec .  

As a consequence of this newly d e r i v e d  v e l o c i t y ,  w e  now b e l i e v e  

K371 t o  be a p robab le  member. The photometry of t h i s  s t a r  p r e d i c t s  

a m a s s  c o n s i s t e n t  w i t h  i t s  l o c a t i o n  a long  the main sequence ,  

e n t i r e l y  i n  keeping w i t h  t h e  c o n c l u s i o n  of t h i s  pape r .  
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I n  summar?, all of om 13 program stars appear 
to be cluster members. The bright, blue stars t ha t  
apparently have a nornial (Pop I) surface helium 
abundance all lie more than 2 magnitudes almve the 
horizontal branch (see Table 2). K i t h  the exception 
of Barnard 29, these stars also serm to havr ah- 
normally large abunclances of 0 antl S (and possibly 
Si) relative t o  the metal ahundances of other cluster 
stars. A11 of the other stars in onr saniple lie bctn-ern 
0.8 and 1.5 magnitudes almrc the horizontal branch 
and arc a.t least 0.15 inav rcdtler in ( U -  1.)  tlian tlic 
blue end of t h r  horizontal I)r.anrh. The sprrtra for all 
of the stars i n  this latter protip are nearly inrli.stin- 
guishable froin the spectra o f  \veal; linc Iioiizontal 
branch stars. 

111. 011 the 1,ovntion of I ) o u l ) l ~  ~ h l l  d o u r w  3 l t 1 1 i d ~  

Having hern convinced of the csis t twe of i-I 

cluster feature abow the horizontal In-ancli. two of 
us (RI) constructrtl a set of I>SS nintlcls for stcllai. 
inasses sonmvhat lo\\-rr than those nrrrssnry f o r  
describing an a s p  pt ot ic I m n c h  . The in pri t p i i y i c ~  
for the models has heen tlesciikml i n  Iben ant1 Rvobi  
(1 F)iOa) ((.'os- Stcwa rt opi ci t ivs e t c, ) . Ea cli r w  $1 11 - 
tionary track \vas startttl  at  the point \ vhc~rc  t!i;. G i r :  I' 

first. arrirecl on thcJ Irorizoiitul I ) i x n t : h .  'I.!: :' ,. 1 
helium biirning phas;e and the ClOUlJlf' 
phase for some of thc. ino(lels I:~L:::: . t  

cliscussrtl in IIwn anti 1<1iod ( l ! I i t t l j ! .  
The lirl i 11 i n  a l j i i r ~ ~  I;.tn(*c. 1)iir;k i : t t ~ t ~ . : ~  1' i. I L?i<. 

r-iletal abundance paraineter Z h a w  bern c t i o ~ ; ~ ~  o i l  

:he basis of coniparisoiis 1)eta.eeii inoilel 1)ropeitie.- 
wid the classical features of c lus tw tliapxins (c.2.. 
Iben and Rood? 1969: Iben; Rouci: Stroin nnrl Stn1:ti 
19139). Thtb spread in the masses ch{sen i c w  iiiitkl 
niotlrls lias I ) w n  dictntrcl by the fact that the s p x x l  
in color along observed horizontal 1)rnnchcs (Xv\wIl. 
1970) can not be niatcherl by the el-olutionary treck 
of a single model st.ar of a g iwn  mass ( I  brn ai!cl Rood. 
1970b). Iben antl liood find that a speacl in iiiass~s 
on the order of 20 precent is necessa.r>- to acconnt for 
the distribution in color a h i y  the horizontal branch 
of clust.ers such as 513 and 5115. 

l n  Fig. 2, the clashed lines niarlrecl % . U B  (Zero 
age horizontal brmcli) are loci joiiiinp 11i0tlc~1.j with 
thc same initial hcliiini core inass that  liiire just 
begun t.0 burn helium at  t.he center Iri1tlt>r  no^- 

degenerate comlitions. Yodels bcginninp d o n g  each 
%,\FIB difFr 0i11y total inass (gii-rn in solar cii?its 
b?!on- each iiiiti.11 it1 ~ k l ) .  

Astron. Sr. Astrophj-s. 4G0 (509) Strom 7 

Evolution along each track proceeds in the direc- 
tion of the arrows. The time for evolution between 
two acljaccnt tick marks is 5 x 106 pr. 

Xote that  within two segments of each track 
(solid portions) the rate of motion along the track is 
markedly slower than is the rate of motion clseirliere 
(clashed portions). I n  the first segment: nioclcls a re 
burning Iielium a t  the center antl hydrogen in a shell. 
I n  tlie second scgnicnt. riiodrls are lxirniiiy lieli!i in 

LJ in one slicll and hydrogen in anothei'. 
The region containiiig all iiiotIc.Is that hegin oii a 

coninion ZX1-113 and r d w  sl(.)wly n-hile I,ut,ninn 
helium at  the center forins what we may call the TI3 
(horizontal hranch). 111 1 J o t h  tlir Z = 1 0 - 3  21 1 1  
Z = 10-4 casrs. tlie Ill3 lias a lrcniiiiosity width ,F 

The region containing all 1)SS iiio:Irls t h i :  
wolve slowly (rclntive t o  the rvolutiiin rntc i n  
ininiediatcly prccetling and follo\\-inn plitises) form-: 
another band that is above ant1 piriillel to the 
horizontal I)raiicIi until it. rrticlivs tht> innin giillit 
branch. We shall call the "horizontnl" portion of  t1ii.k 
band the AH13 (al)ove Iioiizontal bixnch) .  In the 
Z = l O - - 3  case tlie XIIU has a luininnsity niiltli of 
about 0.5 map and. at  any color. its ccntcr lies n l ) o w  

AIIB lias a witl t l i  of a h i t  0.2  mny nnd its center lics 

S o t e  that within both thc €113 a n t l  the N I E .  IPS> 
niassive stars are 011  the arerape bluer thiln i n o i x ~  

massive stars. lhi*tIier. at  any rhoscn color. tfw ino i . c  

luminous a. star in within each band. the less massive 
it, is. 

The tmcks of all IISS stars errntually appt*o:idi 
the giant. branch nncl rise along it Rs.?-tiiI't"ti:.,?ll?-. 
mls tlie XHR merges siioothly into wiiat mity lw 
ra,lletl the AGB (asymptotic piant branch). Since all 
DSS tracks approach a coninion track at h i d i  cwoityli 
luminosity. the AGB should be funn t~ l - .~ l i a~~rc l .  

Froin thc model tracks in  Fig. 2 w niay arxcir 
that .  i n  any cluster, the distribution of stilrs within 
t,he AIIU a,nd AGB should b e  related to tlir (ii.<tri?)it- 
tion of stars along tlic H I3. -4 eontiniioiis tlistiil):ition 
of stars along any segment of tlie HI3 otiyht to he 
reflectid in a continuoils (liatrihition aloncr ti cor- 
responding scpmrnt of the AIIR itn(1 :\(; T3. ~kc .a i i sc  
of the clifrrrrnt rt~lntionsltip h t  \vccn at-llnr mass a:id 
rnriiii T, on t!w two l.)ranchce, the J i s t r ih t ion  (if 

stars on the A€IB will bc cliaract~-,risticall!-illy tlisplactcl 
ant1 tlist.ortcvl r~~lnt ivc to tlw (list ri!iiit i o i i  o n  t l ~ v  I i !i. 
For csntnplr. t I t ( .  Mwst sta1.s on t t ~ r  .\TI 1: ~ h t ~ l t i  I W  
cotiai(lt?riihly r ( ~ l ~ l ! > r  thnn t h r  l) l i ic~.-t  stars on tlir 11 I f .  

.. . 

ilbollt 0.2 Itlag. 

the HI3 by aliorrt o.!) 111ap. 111 tllc Z =- Io-' c ~ :  t h ~  

RbOUt 0.6 111aQ iliJO\-(' the 1313. 
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The model results siiggrst. that .  if it nere not for 
irregularities in the oriFinnl Inininosity fmction or 
in tlie extent of tlic inass loss n-liirli lcatls to  tlie 
a.ctnal tnms t1i;tribution of star..; in ad\-aiicetl stagcs, 
the whole region dcfined by USS motlels 4iou!d be 
.as continuoualy pupul;tt t d  as is the Iiorizontal branch 
(when clisplaccwcnt aixl distortion are ta1ic.n properly 
into acwunt) .  111 prticiilnr, n.e would not expect the 
density of stars in the  variab!c strip to Le greater 
t han  just to the red of t tic strip. H o w w r .  since nil 
DYS models erentually I)c.t-c;iac a part  of the AGH, 
one mir.!it. cspcct the AGB t o  stniid out among the 
features t i t iore tlie 1113 awl to the kFt of the main 
&IIlt IJ L'a 11C'lL. 

1V. Cu mparison B,t.twcen Theorx and O l w r v '  d t' 1011 

On coniparing our thcorctiwl results with the 
properties of  our p r o p i n  stars, w e  not(. first that  no 
DSS inoclcls bcc.ottie bri,dit enough find blne e m &  
at the s;unc tiinc to account for t h r  brightest lilue 
clnster stars sueli as VZ 1128 and 11 1~ I. 33. Jlorc- 
ovcr, during h r h  the .JI1S arid AH13 phases of inodel 
cvol!ition. no forrnai mising proc~ss  of  a n y  sort oc- 
curs thii t  ivoiitd Ieatl t u  the unusual surface ahun- 
dnnccs (~sliiCitcd by thew brizlitest- hlue stars. 

\\'c siigpest tliiit the brightest. 1J11W stars are the 
progcny o f  tlic d f m ! J t P - S h d ~  source stars on the AGB. 
'l'hc rccent calculatior~s o f  Rose antl  Smith (l97Oj 
suggest that  stnrx of mass -11 -:: 1 -11: will cross the 
region of the IIR diagrnrii ocmtpictl 11y plnnetary 
nebula central stars and by VZ 1128 and J113 I, 33 
after mndergoing a large nunihcr of thrriiial -'pulses" 
o t i  the XGJZ, The thernial instaldities d e r e L q m l  
d wing tlie tloul)le shell ~oi i ree  phase iiiay trigger 
cjcction of a planetary nebula shell antl'or large scale 
mixing. Thns. t he  unusual surface abundances of the 
briglit,est blup stars inay be a ronsequencc of inisirig 
during the last. brief stages of .I)SS evol tition. 

Turning now to  our other program stars, we note 
again tliat? in each cluster. they lie above the HI3 by 
about 0.8 to  1.5 riraa and arc at  least 0.15 niag redder 
thnn the blue eiicl of the HB. This is. of course, in 
escrilent. qiialitatiw azrcement with the theoretical 
results which &ow that low inass DSS stars should lie 
a b  IVC? thn HI3 i n  a I ~ ~ i i d  whose hlne edse is redder 
th.an thc. blue erl:re of the I I B .  

\Yc 1i:ivr t lcmw~tr i t tx!  (sen Fi?. 5 )  that, the 
luminosity width (11') of th? h n t l  and its height. (If) 
above t.hc 1-113 slioiiltl d r p P i i d  on t lie nietttl al)iintlaiire. 
Bntli lj. and / I  incrcnsc u-it11 iwreasiii: %. Comparing 
>\-itIi tlir obsen-rd hci$its itbore fh? 118 (ser 'I'nhlc 2), 

we might conclude that.  if I' - 0.3 is a good choice, 
then 2 7 1 0 - 3  is appropriate for most of our program 
stars. Both If-  antl H depend also oil I'. I t  is con- 
ceivable tha t  this tlependence might e\-entuall~- be 
made w e  of as an addetl chrck on estinintcs of 1.. 

It is pertinent to  ask if the relatire nunilwrs of 
AHB, AGB. antl HB stars are in propr t ion  to  tlir 
corresponding thenreticd lifetimes. \\-e choose two 
examples. 11 1 3  antl 1192. and use Arli... (195.5i early 
stncly as bein= relatively free froni srlcctioii effccts. 
The stars in .\I 13 from -\rp's Table JJ I ai'e siin\vn i n  
Fig. 1 with the various ~.ci_'it.~ns of iriterl-it marked. 
lye estimate 3 .\HI$ >tars be tuwn --- ir.1 iniiz a i d  
-+ 0.5 niag in color index (corresl~~nrl i~ic  to - 11:?)3 to  
0.65 in [U-  T - 1 ) .  If \w clionse 1. =- tt.3 and Z - 10-  
as appropriate f o r  11 1 3 .  tlicn ii.sincr Fiz. 2 .  wr tint1 
that  +\HE stars shoultl originate from that region of  

C.I. 7 0.2 after redtieninrr correction-). l'hrrc aye 
bet\\-een i ant1 1 3  stars in  this rt>gion. Tlie ratio of 
lifetimes for s t x s  in the two selected re~ioii.: shorilt.1 
be (within n factor of two) l)c.t\wen i 5 a n d  1 3  3 .  The 
motlel tracks supnest a lifetiinc ratio of ahout 2 to 1 
or 3 to  2. in satisfactory accord \vitIi the o1)serrc~tl 
ratins. 

Of the total of 13 HI3 stars. 7 0  slioiild i n  time 
feed the dGB. the reniaintler feeding tlie AtlB. In  
Fig. S of -1qj-s n-ork there are about 13 stars that are 
clearly cIistinl,ruizhal,li.iisli~~l)l~ f ruin the main giant IJrancli. 
Beyond the point where thc. two branchei iiicrgt' are 
ahout 40 stars. If UT assign half of these to the AC4B. 
as supFested by the relative lifetirue<. n-e have a 
total of almut 33 XGB stars. The ratio of theoretical 
lifetimes is in iiccori.1 with the iU 33 ratio of "red" 
H B  stars to  -\GI3 stars tha: we lia\-e:just estimated. 

Wc analyse 1192 in the same way. but this time 
assume that the Z = 111-.' tracks in Fig. 2 are i~itlre 

appropriate. 111 orcler to  populate an -\HB. stars 
must first reach a p i n t  on the HB to the ?due of 
logZ'?', - 4.03. In 1192 there are no HB stars a:: blue 
as this. Since there are also no M i B  stsrs. theory and 
obserration agree again. lye estimate 30 ;\GB stars 
and 60 HB stars. The ratio of 50 30 is in satisfactory 
accord with tlie ratio of theoretical lifetinirs in the 
HI3 and DSS phases. 

Of course the number of stars in the various 
regions in 3113 and 1192 is small and conseciuently 
tlie comparison between theory and observation 
cannot. he exact. Severtheless. we find the general 

xqrpenieiit tc, hP quite CratifJ-ing. 

I .:\, ' -I 

-a 

t l1C I iB  bluer than lo; T - 4.00 to 4.u.5 (l~c,ugllly 
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Heferciices I n  closing we comment on several olmm-ational 
programs worth pursuiqg. (1) - in  effort slioulcl be 
made to  determine the distribution of stars brt.ween 
the variable strip and thc =\(;E. The theory Guqests 
that  there should be a smooth gradient in  star density 
in this region. The fact thnt the density of  stars in 
the variable strip appears. in several pubiislied ctia- 
grams. to be higher than t o  either side of the strip is 
possibly a result of selection. ( 2 )  An effort should he 
inatle to coinpare tlie rates zit which the lwriotls of 
BL Her and 1V 1-irginis stars change wit11 tiinc. \Ye 
suggest that  BL Her *tars are DSS stars evolving 
slowly through the AHB. Lon- luminosity IY I-irginis 
stars mny be low nin tars oiiginatinp and s1itmliiig 
most of  their US8 life near the t i l u e  edge of the A H B .  
T h e -  may bc pGsing t!rtwuyli the varial)le strip 
rapidly relative to  the rate a t  n-1iii.h tlic I3L l icr  
stars pass. Finally. those 11- I-iruinis star5 that are 
more than 11 to  2 mag lwiditer than K R 1,yra.e 
stars are p r o h l d y  not in tlie DSS phase. Tiicy inay 
be evolving rapidly away froni the  giant hratit~li into 
t.he region occupied by 1-Z 112s stars. If h o .  ttwy 
may s h v .  in the aggregate, a distinct hias towirtl 
decreasing periods. (3)  Sc1in.a rzscliiltl a ~ i i l  K i  riii 
(196;) and Sinders (1Oci;i ha\-t, sugzcstetl that  li1rg~: 
quantities of s-process elt~iiicnts iiiay lit. forinccl 
during one of the  thermal pulses of a DSS star. 
Clonsecluently. n-e should seek oliserwtiolial evicltwce 
for s-process element enhaiic~nient in the cool IX8  
stars or their desceuclentz. The luniinous 1V 1-k stars 
and the asymptotic giant branch stars are prime 
candidates for such a search. Ir'urtlierniore. we might 
expert in these stars e~iclence for C: S ancl 0 enrich- 
iiient as a consequence of transporting iiiaterial from 
the core or from the hytlropen burning bliell to tlie 
surface of the *tar. 

Conrliisioiis 

We ha\-e established that  a large majority of 
stars observed t o  lie above the HB in some glolnilar 
clusters are probably members. Using the results of 
model calculations. we suggest that  niost of these 
stars are in the DSS phase and  most haw probably 
lost considerable mass before arriring on the liori- 
zontal branch. The most luminous blue stars niay 
h a w  already passed t 1irou:h tlie double-shell source 
phase and have started their rapid evolution toward 
white tlutirf status. Stars in this most lnminous - 
group appear f:om their spectra to  have a n  unusual 
surface composition which may arise from large- 
scslc misi ~p during the donhle-4irll source phase. 

S. E. Stroni 
K. If. Stroni 
Earth and S p ~ c e  Science< Drpt. 
State t-niversity of Ken- York nt Stony I3rook 
Stony Brook. L.1.. Xen- l -ork.  VS.4. 11790 

I<. T. Kood 
1. ILm. J r .  
3Iassachiisetts Inetit lite of Tcrlinology 
Cambridge. .\lass. CSA. 112139 

Fig. 1. The color-niiignitridc dingrani for 3113 iis given hj- 
Arp (1955). The program stars Barnard 3. (11. 4s). (Ii-. 3 2 ) -  
L3-26. and L320 are labelled. LMli is not &on-n. The s tms 
with Ludendorff nunihers are not in rhe region of Xrp's study 
and are not included in the nmnber coiints iiscd in the dis- 
cussion of lifetimes. Stars are classified into the following 
groups: the main horizontal branch (HB). the above horizon- 
tal branch (-4HB), the asymptotic giant branch (-AGE). the 
red giant branch (KGB). and those stars similar to Yon Zeipel 

112s 

Fig. '2. Erolutionary tracks for the core helium burning and 
double shell source phases of models with en\-elope coni- 
positions Y = 0.30. Z = In-3 and 10-4. The dashed lines 
labelled Z-IHB are the  loci of initial horizontal branch 
models with a constant core mass (0.455 JI:). Totail model 
mass is indicated below the location of each initial model. 
Rapid phases of erolution are represented h -  the dashed 
portions of the triicks. The rime intrrral hrtn.een adjacent 

tick r!iirkq on sriy track 5 .. l lJi  years 



Table 2. Location of program siars relatii:c to d i i  &r frorizontnl 
brancite4 

C'I l ist  er Pt ar T' A J-A,zB A ( E -  1') 

JL? I. 59 1 . 5 2  -1 .o  --(I.? 
I\-. DCi 14.6 .- 1.4 -41.3 

a1 3 VZ 112s I .5.0 --3.o*: -0.4 
31 10 1. 32 13.8 -- 1.5 --0.15 

1.33 13.5 .._*-I -. 1. -- 0. I : 
I. 34 I4.U -- 1 . I )  -0.3 

31 13 Barnard 29 13.0 -3 . tJ  -- 0.0.5 
11.43 13.7 -1.2 - ii.3.j 
IV, 52 1.3.9 - 1 . 0  --0.4l 
L:m 13.9 -- 1 .o: -0.4: 
1,326 13.8 - 0 . S :  -0.6: 
1,tUti 14.5 ? 

3115 I\-. 514 1,T.l . -  1l.S 11.3 : 
SGC' ti712 C2ti 13.1 ' .:i. t i  - -  11.1 

a 13uwi l  on c y  estritpdarion of h l w  end of linrizorital 
branch- 

Star Ihwript  ion 

J12 1. .XI 
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SGC 6712, C2d 
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